Adhesive bonding of wood using phenol-formaldehyde remains the industrial standard in wood product bond durability. Not only does this adhesive infiltrate the cell wall, it also is believed to form primary bonds with wood cell wall polymers, particularly guaiacyl lignin. However, the mechanism by which phenol-formaldehyde adhesive integrally interacts and bonds to lignin within the cell wall remains unclear. We used recently developed solubilization methodologies in conjunction with two-dimensional 1 H-13 C solution-state NMR spectroscopy of ball-milled pine earlywood and latewood bonded assemblies to characterize the chemical modification of wood cell wall polymers after phenol-formaldehyde curing at various cooking times. The results showed that the highly alkaline resin at 140°C decreased the frequency of the principal arylglycerol-β-aryl ether interunit linkage by eighty percent in earlywood and by twenty percent in latewood. The presence of newly formed diarylmethanes between guaiacyl lignin units and phenolic methylols was confirmed via NMR spectra of the aliphatic methylene and aromatic regions. The phenol-formaldehyde cure chemistry showed that o-p methylene bridges dominated in both earlywood and latewood cell walls, but the propensity of p-p substitution is higher in the latewood cell wall. Our results provide evidence for a simultaneous wood polymer degradation and guaiacyl unit C5 bond formation that occurs during phenol-formaldehyde curing. This competition may be necessary for developing good bond durability between the adhesive and wood.
Introduction
Phenol-formaldehyde (PF) adhesive dates back to the mid1930s when it was introduced as the first truly synthetic plywood adhesive. Its performance and durability has been unrivaled and remains a significant mainstay in the wood composite industry. Despite its ubiquitous use, elucidating its adhesion mechanisms with wood has been challenging. Research has confirmed that PF adhesive does indeed infiltrate the wood cell wall [1] [2] [3] [4] [5] [6] [7] ; however, characterizing how the PF interacts with the cell wall polymers has not been well described. The energy of activation during curing of PF-based adhesives has been repeatedly shown to be lowered in the presence of wood [8] [9] [10] [11] [12] [13] . These studies have led researchers to accredit strong primary intermolecular interactions (e.g., covalent linkages) between these adhesives and wood as a contributor to bond durability. The potential for covalent bond formation to occur between PF and wood has been demonstrated [12, 14] , but evidence also suggests that its contribution may be small under standard thermosetting conditions, and that numerous secondary intermolecular forces between the substrate and PF oligomers may be solely responsible for substrate-induced activation of phenolic reactive sites [15] . However, what still remains quite mysterious is the structural chemistry of the wood cell wall following PF adhesive curing and a knowledge of the extent to which the wood has been chemically modified. With wood cell wall dissolution techniques in conjunction with two-dimensional solution-state NMR spectroscopy [16, 17] some important aspects of wood adhesion mechanisms are now becoming evident [18] . Discerning chemical reactivity between adhesives and wood, and which cell wall polymers are involved, is not only important for understanding fundamental wood adhesion mechanisms, but is necessary to advance the field of wood adhesion towards new adhesive technologies, especially those that utilize lignin byproducts as PF resin substitutes.
The mechanism of alkali-catalyzed PF curing is considered by most to be a two-stage reaction. The initial stage consists of phenolate/enolate formation involving resonance-stabilized ions with significant negative charge density at the 2-, 4-, and 6-positions of the phenol followed by methylol formation via nucleophilic attack (S N 2) by the anion onto the formaldehyde carbonyl. During the second stage, the temperature is increased and the resols condense to form methylene bridges via a quinone methide intermediate ( Fig. 1) [19] .
Lignin, a largely linear polyphenylpropanoid comprising approximately 25-30% of wood polymers, has phenolic endgroups that render it compatible with some applications of phenol. It has the capability of reacting with other phenols and hydroxymethylated phenols during adhesive curing, for example [20] .
Studies involving lignin model compounds [21] [22] [23] [24] [25] [26] and isolated lignins [20, [26] [27] [28] have shown that, under alkaline conditions at temperatures Z100°C, free-phenolic β-aryl ether units release formaldehyde to give vinyl ethers (more appropriately termed styryl ethers, Fig. 2a ) [20] [21] [22] [23] [24] [25] 27, 28] . Similarly, free-phenolic phenylcoumaran units release formaldehyde to give stilbenes (Fig. 2b) α-ether linkages in phenolic structures can be selectively cleaved with mild alkali treatments at room temperature [33] . Most of the released formaldehyde from styryl ether and stilbene formation may result in methylene bridges between the C5-positions of guaiacyl units (Fig. 2c) to give diarylmethane structures [20, 34, 35] . Studies by Capanema et al. [36] and Balakshin et al. [37] did not see evidence for guaiacylguaiacyl diarylmethanes from biogenic formaldehyde in their analyses of Kraft lignin and Kraft-AQ lignin. The lack of diarylmethanes in their studies may be explained by the fact that the addition of sodium sulfide [38] and anthraquinones [27] in pulping have been shown to dramatically increase the rate of delignification by β-aryl ether cleavage and this cleavage occurs prior to styryl ether formation [27] . Thus, the minor amounts of released formaldehyde during Kraft pulping would not have a chance to condense to form diarylmethanes. Etherified (i.e., non-phenolic) β-aryl ether units exposed to alkaline conditions and temperatures Z100°C will result in cleavage of the β-aryl ether linkage via an α,β-or β,γ-epoxide intermediate (Fig. 2d ) Fig. 1 . Alkali-catalyzed reaction of phenol with formaldehyde to form reactive quinone methides that condense with phenol and polymerize to form PF resin. [32, 39, 40] . On the other hand, the α-ether linkages in non-phenolic phenylcoumarans are essentially stable in strong alkali [32] .
In this study, the curing chemistry of PF adhesive is characterized within the cell walls of loblolly pine earlywood and latewood. Solution-state NMR spectroscopy of dissolved PF bonded wood sections are analyzed for changes in chemistry using a two-dimensional 1 H- 13 C-correlation (HSQC) NMR. The hope was to reveal how PF adhesive interacts with itself and with wood cell wall polymers, in part dictated by resin molecular weight and wood growth ring micro/nanopore distribution. For example, the free-volume (i.e., the pore spaces within the cell wall that are not occupied by polymers) in earlywood and latewood from the sapwood of gymnosperms is known to be markedly different [41, 42] .
Furthermore, NMR identification of newly formed structures either between PF moieties or between PF and native wood polymers, along with elucidating wood cell wall degradation, allows PF cure mechanisms in wood to be delineated to a level where reactivity can be quantified.
Experimental procedure

Microtomed wood preparation
Loblolly pine cubes (20 mm 3 ) that had tangential sides exactly perpendicular to the radial sides were selected. This was so that, when sectioning tangentially with the microtome, the sections would be either entirely made up of earlywood or latewood. The cubes were placed in boiling distilled water for 10 min and then kept submerged for 24 h before sectioning. Microtomed wood was prepared using a sled microtome (Spencer Lens Company, Buffalo, NY) to give tangential earlywood and latewood sections (0.030 mm radial Â 20 mm tangential Â 20 mm longitudinal) and equilibrated to a moisture content of 10% using a chamber in which the moisture content was maintained at that level with a saturated salt (NaBr) solution.
PF resin formulation and application
Phenol (10.0 g) and formaldehyde (17.9 g of a 37% aqueous solution) were charged into a cooled round bottom flask (5°C) with stirring. After heating to 25°C, NaOH (1.1 g, 50%) was added dropwise. The mixture was then heated to 70°C over 15 min and held for 60 min. After the first cook stage, the second NaOH aliquot (0.6 g, 50%) was added quickly to the reaction flask which was then heated to 85°C over 15 min. After about 45 min the resin reached the O-P point on the Gardner-Holdt viscosity scale (3.7-4.0 poise). The adhesive was cooled in an ice bath and refrigerated until use.
The reaction was monitored with thin-layer chromatography (TLC) using model compounds and PF standards to follow the stages of polymer growth of the resin at about 30 min increments. At each increment, a 2 mL aliquot was removed from the reaction flask and refrigerated. The increments chosen were at 60, 90, 120, and 150 min, with the 120 min time-point representing a typical PF adhesive for wood composite production (49% solids).
Molecular weight determination of resins
Gel permeation chromatography (GPC) was used to characterize changes in molecular weight during cooking of the PF resin using a HPLC model 1100 (pump, autosampler, and UV detector) (Agilent, Santa Clara, CA) equipped with an Optilab s T-rEX TM refractive index (RI) detector and a DAWN s HELEOS TM II light scattering detector (Wyatt Technology Corp., Santa Barbara, CA). The ASTRA 6 software (Wyatt Technology Corp., Santa Barbara, CA) was used for data collection and analysis. The column was a Progel TM -TSK G2000 (Sigma-Aldrich, St. Louis, MO) used with HPLC grade N,N-dimethylformamide (DMF). PF resin aliquots were dissolved in DMF and filtered through a 0.2 mm PTFE membrane before analysis. Each filtered solution contained a PF resin concentration between 60-80 g/L, and 5 mL of each solution was injected and eluted with DMF at a flow rate of 0.500 mL/min.
Bondline assembly preparation
Each PF resin time-point aliquot was weighed out onto the wood sections (earlywood or latewood) on an analytical balance so that the weight of the resin solids was approximately twice the weight of the pair of wood sections (i.e., for 25 mg sections, weighed out approx. 100 mg of PF resin, or 50 mg resin solids). The sections were then quickly jointed together on a glass slide; a binder clip held the sections together between two glass slides. The sections (now closed into an assembly) were placed into a non-spouted beaker with a watch glass cover. The sections sat in this closed assembly condition at room temperature for 30 min. The covered assemblies were heated slowly to 140°C in a small air-sealed oven (over 1 h period) and held for 1 h without air flow to allow for a steam environment. After the sections were fully cooled, they were ready for NMR preparation. In addition to the bonded wood sections, a control PF resin (120 min cook time) was cured alongside the assemblies.
NMR spectroscopy and analysis
Ball-milling of the PF bonded earlywood and latewood assemblies and controls was done in a Retsch PM100 planetary ball-mill (Newtown, PA) equipped with a 50 mL ZrO 2 jar and using three 20 mm ZrO 2 balls. Initial milling was for 1 h under mild conditions (300 rpm, 10 min pause every 20 min) and followed by 3 h of vigorous milling (600 rpm, 10 min pause every 20 min, ten 10 mm ZrO 2 balls); the jar temperature remained at o50°C. One sample ( $ 20 mg) from each milled assembly was directly placed into a 5 mm NMR tube and 500 mL of DMSO-d 6 was added. The sample was sonicated at 30°C for 1 h.
NMR spectra were acquired at the University of WisconsinMadison's Wisconsin Energy Institute, on a Bruker-Biospin (Rheinstetten, Germany) AVANCE 500 MHz spectrometer fitted with a cryogenically cooled 5-mm Bruker TCI (triple resonance cryoprobe optimized for 1 H and 13 C observation) gradient probe with inverse geometry ( 1 H coils closest to the sample). Heteronuclear Single-Quantum Coherence (HSQC) spectra, where onebond 1 H- 13 C correlations are obtained, were acquired using an adiabatic pulse sequence [43] 'hsqcetgpsisp2.2' and the following parameters: spectral width from 10 to 0 ppm (5000 Hz) in F2 ( . Volume integration of the various contours was performed based on the lignin methoxyl contour as the lignin methoxyl group is believed to be the most stable functionality during alkaline PF curing [44] . The processing used typical matched Gaussian apodization in the 1 H dimension and squared cosine-bell apodization in the 13 C dimension. Prior to Fourier transformation, the data matrices were zero-filled to 1024 points in the 13 C dimension.
Results and discussion
Curing strategy
The curing process of PF resin is initiated during the PF cook and the resin continues to build molecular weight and, once applied to wood, develop interpenetrating polymer networks during each stage of wood panel production. The temperatures used to cure PF-bonded southern pine plywood are typically in the range of 140°C to 160°C. Even though industrially produced plywood is hot-pressed in a matter of minutes, heat transfer from the face to the core layers is not immediate and depends largely on panel thickness. After hot-pressing, the curing process continues during hot-stacking (post-cure), which may be several hours [45] . In this study, our intention was to incorporate some of these industrial elements. To obtain a complete cure of the PF resin aliquots in the wood, the temperature of the PF-wood assemblies were slowly heated to 140°C in an environment that allowed steam to remain localized around the assembly and simulate gradual heat transfer, followed by a hold-time of 1 h at 140°C to simulate the span of time and temperature used during hotpressing and hot-stacking.
Resin molecular weight determination
Three PF resin aliquots (60, 90, and 120 min cook times) were run through the GPC for molecular weight determination; the 150 min cook time aliquot was not analyzed because of its insolubility in the elution solvent. The chromatograms (based on the RI data) show two distinct molecular weight groupings, with the higher molecular weights eluting between 10.0 and 13.0 min and the lower molecular weights between 14.0 and 17.5 min (Fig. 3) . Table 1 summarizes the results from the molecular weight analysis, where peak A represents the higher molecular weights and peak B the lower molecular weights. It is evident that at the 60 min cook time, 95% of the resin comprises of low molecular weight phenolic methylols that include dimers, trimers, and oligomers. As the cook progressed from 60 min to 90 min to 120 min, a fraction of low molecular weight methylols were converted to highly condensed polymeric structures containing methylene bridges between phenolic groups, with masses of high molecular weight fractions of 5%, 17%, and 41%, respectively. The condensation reactions increased in number and rate such that once past 90 min the molecular weight increased substantially; for example, at the 90 min and 120 min cook times, peak A shows that M n and M w increased four-fold and eleven-fold.
Formaldehyde released from lignin
Under alkaline conditions, the free-phenolic β-aryl ether and phenylcoumaran units are known to cleave at the C β -C γ bond (via a retro-aldol reaction); formaldehyde is released from the quinone methide intermediate to give the styryl ether and stilbene structures (Fig. 2) . Hydrolysis of a 4-O-bond will also occur to a certain degree under these conditions, resulting in a new phenolic from a previously etherified unit. Previous literature of a styryl ether model compound showed NMR correlations for Hα/Cα and Hβ/Cβ (cis) to be 6.2/112.5 and 7.3/143.0 ppm and for Hα/Cα and Hβ/Cβ (trans) to be 5.6/109.5 and 7.3/145.2 ppm, respectively [35, 37, [46] [47] [48] . Fig. 4 shows the aromatic regions of the HSQC spectra from both the earlywood and latewood assemblies that were bonded with the 120 min cook time PF resin. Styryl ether correlations are not present in the earlywood-PF spectrum (Fig. 4a) , whereas, in the latewood-PF spectrum (Fig. 4b) , there are correlations that are consistent with cis-styryl ethers. For example, these cis-isomer correlations 6.11/112.8 and 7.46/142.1 ppm are present in all of the latewood-PF spectra. Correlations consistent with the trans-isomer were present only in the latewood-PF spectra at 5.65/109.0 and 7.35/147.0 ppm, but as very weak contours (data not shown). The amount of styryl ethers present in the latewood PF assemblies is not substantial. Dimmel and Bovee [46] demonstrated that, under alkaline pulping conditions, styryl ether model compounds were slowly hydrolyzed only when the temperatures reached 170°C, and that at 150°C the styryl ether did not degrade and was in equilibrium with the quinone methide. As the PF curing temperature used in this present study was 140°C and there was a low amount of styryl ethers found in the PF bonded assemblies, styryl ether degradation may have occurred due to the high NaOH concentration in the PF resin, as was observed under alkaline pulping conditions with lignin models [49, 50] . For example, our synthesized PF resin contains 0.06% NaOH (0.85 g NaOH/14.5 g total resin solids). Therefore, for each 0.025 g assembly there is 0.006 g (0.00015 mol) of NaOH present. The loblolly pine used in this study contains approximately 30% lignin [18] , giving 0.0075 g lignin per assembly. If β-aryl ethers are approximately 1006 mmol/g of pine lignin [51] , then there are approximately 7.5 mmoles of β-aryl ethers per assembly. This means that for every 1 mol of β-aryl ether in the assembly, approximately 20 M equivalents of NaOH are present. At this high NaOH concentration, it is likely that degradation of styryl ethers occurred during the PF curing process, and the HSQC spectra reflect an underrepresentation of their initial formation.
The NMR of stilbene structures, via analogous retro-aldol reactions of free-phenolic phenylcoumarans, has also been studied previously [36, 37, 52, 53] . They typically show correlations of 7.1-7.4/128.5 ppm for both Hα/Cα and Hβ/Cβ, but do tend to overlap with some other lignin aromatics. In our case, these correlations, if present, would overlap with the existing aromatic condensed units (e.g., approx. 7.0-7.5/130 ppm) formed via PF resin polymerization. Thus, stilbene correlations were not able to be confirmed with these HSQC experiments. 
Aromatic condensed units
When studying the kinetics of producing methylolated phenol from phenol with formaldehyde, the para position has a somewhat greater reactivity with formaldehyde than the ortho position (i.e., k 0 ¼6.2 vs kʹ 0 ¼10.5) [54] . However, once a methylol group is introduced, the remaining positions become less reactive. For example, they found that the reaction rate of p-methylol phenol -2,4-dimethylol phenol was 7.5, whereas that of o-methylol phenol -2,6-dimethylol phenol was 8.7. It would then be logical to see a slightly greater number of para-methylolated phenols within the PF adhesive. To get a quantitative sense for this, volume integration was performed (Table 2 ) on the para-substituted methylol (4.51/59.8 ppm) and the ortho-substituted methylol (4.49/59.3 ppm) [55, 56] contours in the HSQC spectra of PF bonded earlywood and latewood. From these integral data, the para-methylols are approximately twice as frequent as the ortho-methylols in the cured PF-wood bondlines. As these methylols were found in the cured adhesive, many methylols remained free and did not crosslink, indicating that their quinone methide derivatives were either not formed at a significant rate or were not accessible to attack by a phenolate.
The methylene bridge (aryl-CH 2 -aryl) is the predominant linkage formed between PF resins as well as, potentially, the guaiacyl units in lignin. During the second phase of alkaline PF polymerization (i.e., condensation), the phenolate moiety has three resonance forms (Fig. 1 ) that can thus lead to three different methylene bridge scenarios via an adjacent quinone methide moiety: ortho-ortho (oo), ortho-para (o-p), and para-para (p-p). The methylolated PF resin can be thought of as a pre-polymer that can be fully cured upon heat. As the resin aliquots are predominantly based upon parasubstituted methylols, the predominant methylene bridges should be o-p and p-p. Fig. 5 shows spectra of the aliphatic methylene bridge region for the earlywood cured with PF, latewood cured with PF, and the cured PF itself. The relative ratios of the o-p and p-p methylene bridge structures may vary based upon the amount of free-volume available in the earlywood and latewood cell walls during the PF curing process. It is clear that both the earlywood PF and latewood PF bonded assemblies show a predominance of o-p methylene bridges at 3.67/34.7 ppm (Fig. 5a and b) . However, the latewood PF bonded assemblies show a definite increase in propensity for p-p methylene bridges at 3.57/39.7 ppm (Fig. 5b) . This phenomenon is interesting because the PF cure mechanism is seemingly being partially directed by the free-volume in which the polymer has to work. The cure mechanism in earlywood tends to favor more o-p substitution of the PF adhesive, whereas the latewood tends to incorporate more p-p substitution compared to the earlywood, possibly due to steric hindrances in the more constrained micro/nanopores of the latewood cell wall. By integrating these methylene bridge NMR contours, shown in Table 2 , it can be seen that when PF is bonded with earlywood, the o-p/p-p ratio is on average 2.7 vs an average of 1.6 with latewood. Furthermore, the o-o/p-p ratio decreases approximately four-fold going from earlywood (average of 0.85) to latewood (average of 0.19), confirming the formation of more p-p methylene bridges in the latewood.
To better understand the amount of crosslinking that occurred during the PF-wood curing process, the total amount of methylene bridge formation was compared to the total amount of methylol formation using integration data from Table 2 . The earlywood bonded assemblies contain a higher amount of methylene bridges (e.g., the 120 min cook time gave 14 times more methylene bridges Fig. 5 . Partial HSQC spectra of the aliphatic region from the 120 min cook time PF cured with earlywood (a), the 120 min cook time PF cured with latewood (b), and the cured 120 min cook time PF (c). The spectra display methylene correlations for ortho-ortho, ortho-para, and para-para diarylmethanes.
than free methylols in the earlywood). However, in the latewood bonded assemblies the ratio of methylene bridges to free methylols drops to approximately 1.5. This result once again suggests that cell wall pore size has a definite effect on the PF curing chemistry. The latewood cell wall, because of its smaller pore size environment, seemingly does not allow for as much crosslinking of the PF adhesive when compared to the earlywood.
o-Methylol-phenols originating from PF resin and (woodderived plus added) formaldehyde are not the only source of oquinone methides during PF bonding with wood. As was briefly introduced, free-phenolics are present in lignin as well and their levels increase during alkaline hydrolysis from fragmentation of free-phenolic β-aryl ethers to produce styryl ethers and a new phenolic end-unit on the polymer [27, 50] . The C5 position on a free-phenolic guaiacyl end-unit is the only position available for methylol formation under alkaline conditions, giving an o-methylol guaiacyl unit that could then condense with phenol, methylolated phenols and, hypothetically, other guaiacyl endunits. The o-methylol guaiacyl unit reactivity depends not just on kinetics, but also on sterics and how intimately the units come into contact with phenol. As the PF resin cures and becomes more sterically hindered, the surrounding lignin moieties become a more likely point of contact and, thus, increase their potential for reaction. According to the literature, the NMR chemical shifts of the methylene bridges between a guaiacyl unit and another guaiacyl unit (i.e., to give a o-o diarylmethane) are quite similar to those of the methylene bridges between PF phenolic units [34, 35, 47] . Several model compound studies have revealed some slight differences in chemical shifts of the methylene bridge when methoxyls are present on the aromatic ring [47, [57] [58] [59] [60] . With the current study, we can see some distinctions when analyzing the HSQC spectra. For example, the cured neat PF correlations in the aliphatic region show predominantly o-p and p-p methylenes at 3.75/34.3 ppm and 3.70/39.8 ppm, respectively (Fig. 5c) ; the o-o methylene (3.75/29.5 ppm) is barely present and not shown here due to its low intensity. These o-p and p-p correlations from cured PF are in the same vicinity as in the PF cured earlywood and PF cured latewood spectra (Fig. 5a and b) , but the fairly strong o-o correlations-3.75/29.8 and 3.71/29.7 ppm in the PF cured earlywood, and 3.74/29.9 and 3.70/29.1 ppm in the PF cured latewoodstrongly suggest methylene bridge formation other than from curing of the PF resin itself, namely methylene bridges involving a guaiacyl unit from lignin. Furthermore, if guaiacyl C5 positions are methylolated and condensed, the C5 would convert from a tertiary carbon to a quaternary carbon (unprotonated), which influences the chemical shift of the H6/C6 position (meta to the phenolic hydroxyl) of that ring. earlywood cured with PF, loblolly pine latewood cured with PF, and cured PF adhesive alone. The H5/C5 correlation for freephenolic guaiacyl lignin units in loblolly pine is shown at 6.74/ 114.7 ppm, whereas its H6/C6 correlation is at 6.82/119.2 ppm. From the spectra of loblolly pine earlywood and latewood cured with PF ( Fig. 6c and d) , the H5/C5 correlation for free-phenolic lignin is overlapped with cured PF correlations, making this difficult to interpret. However, new contours have emerged centered around 6.62/120.9 ppm that are assigned to new guaiacyl unit H6/ C6 correlations that have shifted upfield in response to the adjacent methylene bridge at C5 [59] . This new contour gives supporting evidence that free-phenolic lignin units react at their C5 positions to form methylene bridges between phenol, methylolated phenol, or another guaiacyl unit at C5.
Depletion of native structures
If a particular linkage from a native polymer is cleaved, we would see a depletion of this linkage via the HSQC spectra. The cleaved unit may become sequentially cleaved further to result in low molecular weight compounds, and/or it could be reacted with another polymer/molecule. The native lignin linkages include: β-aryl ethers A, phenylcoumarans B, and pinoresinols C. Fig. 7 shows typical HSQC spectra of the sidechain region of earlywood and latewood loblolly pine cell walls along with representative spectra of the PF-wood cured assemblies. It was evident from the integral data in Table 2 that the most severe depletion of lignin was seen with the PF-bonded earlywood in the 60 min cook-time assembly, where the lowest molecular weight PF was bonded; all of the A, B, and C structures (as well guaiacyl units, G2) were modified to such a degree that their typical chemical shifts have been rendered absent. This modification, via alkaline hydrolysis, may have increased the susceptibility of the cell wall to infiltration of alkali at the earlier stages of PF methylol formation. It was not until the 90 min cook-time assembly, in the early PF polymerization stages, that some of structure A remained unmodified in the PF-bonded earlywood, showing that alkaline hydrolysis is lessened potentially due to less alkali present and a decreased chance for mobile compounds to enter the cell wall due to entrapment in the growing polymer. However, these spectra show that even though the higher molecular weight components of PF resin are filtered out of the earlywood cell wall, the alkali will infiltrate beyond that of the PF resin and continue to hydrolyze wood polymers to a certain degree. For example, in the PF-bonded earlywood, structure A (Aα, 4.73/71.0 ppm) was depleted approximately 75% in the 90 min, 120 min, and 150 min cook time assemblies. As no styryl ethers were detected in the PF-bonded earlywood assemblies, one possible scenario for such a dramatic decrease in structure A is that if most of the β-aryl ethers are non-phenolic and that the alkali concentration was higher than 1 M-the concentration normally seen under alkaline pulping conditions. Gierer and Ljunggren [21] observed a high yield of guaiacol (80%) from lignin model systems using 4 M alkali at 145°C, giving support to the cleavage of non-phenolic β-aryl ethers via the epoxide mechanism shown in Fig. 2d . Therefore, the fact that we saw no styryl ethers in the PF-bonded earlywood spectra, the β-aryl ethers most likely cleaved before they could form styryl ethers. The complete disappearance of structure B (Bα, 5.47/87.0 ppm) in the PF-bonded earlywood assembly HSQC spectra suggests that most of the phenylcoumarans are likely phenolic, thus cleaving the α-ether and converting to stilbene structures (Fig. 2b) , as these α-ethers are highly susceptible to even mild alkaline conditions [32, 33] .
With the PF-bonded latewood assemblies, the depletion of the A, B, and C structures was much lessened, suggesting that the smaller pore sizes in the latewood tissue may somewhat limit PF resin and alkali infiltration into the cell wall matrix. For example, structure A (Aα, 4.71/71.1 ppm) was depleted approximately 25% in the 60 min, 90 min, 120 min cook time assemblies; the 150 min cook time assembly display only minor structure A depletion. This lessened affect was also observed by the low depletion of structure B (Bα, 5.43/86.9 ppm). These results may also suggest potentially different lignin structural chemistries between the earlywood lignin and latewood lignin. For example, unlike the PF-bonded earlywood assemblies, styryl ethers were detected in the PFbonded latewood assemblies, thus displaying a greater resistance to β-aryl ether cleavage. Since styryl ethers only form with phenolic β-aryl ethers (Fig. 2a) , this could mean that the latewood has more phenolic β-aryl ether units than earlywood. Furthermore, the more steadfastness of the phenylcoumarans in the PF-bonded latewood assemblies could mean that phenylcoumarans are more non-phenolic in the latewood as compared to the earlywood.
Polysaccharides, also have a strong potential to react or become modified during the PF-bonding process. Hemicelluloses are highly susceptible to physical and chemical changes in alkali, including swelling, dissolution, precipitation, hydrolysis reactions, and endwise depolymerization reactions (i.e., peeling) [61] . From the appearance of the anomeric region of the spectra (Fig. 7) , it appears that the polysaccharides in the earlywood were more heavily degraded and modified than those in the latewood when bonded with PF, especially in the earlier cook-time assemblies. Not only have the cellulose, mannan, xylan, arabinan, and galactan levels decreased due to PF-bonding, but complete removal of the native 2-O-and 3-O-acetyl groups from mannan units on galactoglucomannan for all PF-bonded assemblies analyzed. Acetyl groups are readily cleaved by alkali, which end up as acetate [62] . Partial removal of the 4-O-methyl-α-D-glucuronic acid groups from arabinoglucuronoxylan was also evident from the HSQC spectra (5.05/97.2 ppm) for earlywood PF-bonded assemblies. The glycosidic linkages between the glucuronic acid group and the xylan chain are most likely cleaved via alkaline hydrolysis [62, 63] .
Another potential reaction is CH 3 O elimination at the β-position (C-4) to the carboxyl group, followed by H-5 elimination [64, 65] .
Conclusions
Earlywood and latewood microtomed sections were bonded with alkaline PF resin using selected cook-time aliquots. The bonded assemblies were cured, ball-milled, dissolved, and analyzed using solution-state NMR spectroscopy. 2D 1 H- 13 C-correlation (HSQC) experiments revealed the following: 1. Alkaline hydrolysis of the arylglycerol-β-aryl ether linkages in lignin resulted in a minor amount of cis-styryl ethers; 2. The earlywood and latewood PFbonded assemblies both showed a predominance of o-p methylene bridges, but the latewood PF-bonded assemblies showed a stronger presence of p-p methylene bridges, suggesting that wood cell wall micro/nano-scale porosity may influence PF curing chemistry; 3. Reactivity between PF moieties and lignin was evidenced in both the aliphatic methylene region and the aromatic region of the HSQC spectra, showing that lignin C5 positions were partially substituted with PF moieties via methylene bridges; 4. Severity of lignin sidechain and polysaccharide substituent cleavage via alkaline hydrolysis was dependent on the cooking time aliquot used for PFbonding, with wood bonded with the 60 min cook time aliquot showing the most severe native polymer degradation. This research demonstrates that, during alkaline PF curing with wood, bond formation between PF moieties and lignin occurs simultaneously with wood cell wall polymer degradation and that these mechanisms must compete. It is possible that this competition is one of the underlying explanations for such durable PF bonds with wood. We hypothesize that, as the lignin and polysaccharide matrices degrade under the highly alkaline conditions and temperatures employed here, the lower molecular weight phenol-formaldehyde resin methylol moieties are able to infiltrate the cell wall and form diarylmethanes with phenolates from the resin and those found on guaiacyl units in lignin.
